The rates of nitration of benzene by nitric acid in mixed acid to produce mononitrobenzene have been measured in well-emulsified reaction mixtures in the temperature range from 34' to 54°C. The acid-phase compositions ranged from 1.6 mole % nitric acid and 27 mole % sulfuric acid to 35 mole % nitric acid and zero % sulfuric acid; the organicphase composition ranged from 4 to 95 mole ' % benzene, and the relative extent of the acid and organic phases was varied from 25 to 80 volume ' % acid phase.
driven by a variable-speed motor R through a sleeve bearing Q, kept the acid and organic phases in the reactor well emulsified. The product from the reactor overflowed into the separator M , where the two phases separated completely. The lighter organic phase rose to the top in the separator and overflowed into the organic-product receiver L. The heavier acid phase settled to the bottom in the separator, where it was drained by the syphon tube N into the acid-product reser-A large glass battery jar J contained water which was maintained a t a constant ternWith the exception of the stirrer assembly in the reactor all the apparatus was constructed of glass. Flow rates were determined by measuring the difference in volume over a measured period of time in each of the calibrated reservoirs. Samples of the feed streams were taken from the drain in the bottom of each feed reservoir. Product samples were taken through the side tubes 0 and P .
A detailed drawing of the reactor is shown Pyrex glass and was designed to maintain a uniform emulsion of the acid and organic cal Company were mixed with distilled water t o obtain the desired feed-acid concentration. The nitric acid was water white and contained no lower Oxides Of in Figure 2 . The reactor was constructed of mum freezing point reported by the man- perature by circulating cooling water through the coils I and by intermittently heating with an electric heater H . The reactor temperature was measured by a copper-constantan thermocouple TC which extended into the center of the reactor.
phases and a high degree of circulation of the contents.
MATERIALS
Reagent-grade sulfuric and nitric acids manufactured by the J. T. Baker Chemi-
EXPERIMENTAL PROCEDURE
In each experimental run the reaction system was brought to steady state conditions by operation for about 2% hr. at a constant reactor temperature and with constant feed rates. The approach of the or-ganic-product density to a constant value within zkO.l% served as an indication of the approach to steady state conditions. After steady state conditions had been achieved, samples of the acid-and organicproduct streams were collected for density measurement and analysis. After the samples were collected, the total volume of the emulsion and the volume of the acid phase in the reactor were measured.
Standard methods fw analysis were used for the total acid, nitrous acid (15), and nitric acid (10) . The sulfuric acid was calculated as the difference between the percentage of total acid and the percentage of nitric acid. The organic-product sample waa washed with water, and the benzene was determined by density measurement after the sample was dried with calcium chloride. A qualitative test was made for dinitrovaried from 1,290 to 2,810 rev./min., the volume percentage of acid phase from 25 to 79, and the temperature from 34.6" t o 53.7"C. The acid-phase coinposition was varied from 35 mole % nitric acid and 0% sulfuric acid to 1.6 mole ' % nitric acid and 27 mole sulfuric acid. The organicphase composition ranged from-48 t o 97 mole yo benzene. benzene (2, 6). The nitric and sulfuric acid content of the organic product was determined from the wash water by the foregoing methods. Neither nitrous acid nor dinitrobenzene was detected in any of the runs.
EXPERIMENTAL RESULTS
The effects of agitation, phase composition, phase ratio, and terpperature on the rate of nitration of benzene with mixed acid were investigated. Among the thirty-four runs the agitator speed was A.1.Ch.E. Journal Tables 1 and 2 present the operating conditions and analytical results, respectively, which were calculated for the thirty-four runs. Material balances for the over-all material flow, sulfur, and nitrogen were calculated for each run. The maximum deviation for the nitrogen balance was 4.1y0. The majority of all the material balance deviations was less than 2.0%. Detailed sample calculations of the experimental data recorded in Tables 1 and 2 Run 1 served to justify the basis for steady state conditions used for the majority of the runs. After the densities of two successive organic samples agreed within the set limits for steady state opcration, samples were taken of the organic and the acid products. The operation of the equipment was continued for an additional hour, whereupon a second set of samples was collected.
The uniformity of the emulsion in the reactor during steady state operation is indicated by the agreement for most of the runs of the volume percentage of acid phase measured in the reactor and that calculated from the product streams. Further evidence of uniformity was the agreement of the analyses of acid-phase aamples from the reactor and from the acid-product stream.
Effea of Agitation
The over-all reaction between benzene and nitric acid in mixed acid is the sum of the homogeneous reactions in the acid and the organic phases. Previous studies of aromatic nitration (11, 12) indicated that the reaction is essentially irreversible; therefore, the over-all reaction may be written Under = K B ( a 0 B -a A B ) (4)
Equation ( to IlkA and l/ko respectively, Equation (6) reduces to which gives the over-all reaction rate expressed in terms of activities of nitric acid and benzene in the acid and organic phases respectively.
As a = r X Equation (7) may be written in terms of activity coefficients and mole fractions as also as
The effect of agitation on the reaction rate is illustrated in Figure 3, where the  reaction rates for runs 1, 3, 4, 5, 10 , and 11 are plotted against the stirrer speed. One curve is for the reactor in which runs 1 through 9 were made and the second curve is for the reactor (illustrated in Figure 2 ) in which the remainder of the runs were made. Each curve represents
CORRELATION OF REACTION RATES Composition Correlation
Equation (9) suggests that if mass transfer between the phases is eliminated as a variable, the reaction rate can be correlated as a function of temperature, the nitric acid concentration in the acid phase, the benzene concentration in the organic phase, the volume percentage of (,? of Equation (9) is insensitive to temperature over the 6% variation in absolute temperature covered in this investigation. Furthermore, the effect of phase ratio on the reaction rate indicates that ko is probably small as compared with kA.
The correlation was presented in terms of the mole fraction of benzene in the organic phase on an acid-free basis for convenience only, as it makes little difference in the correlation whether the actual mole fraction or the acid-free mole fraction is used.
Composition-temperature Correlation
The three straight lines in Figure 4 may be extrapolated to a common intercept, and the slope P of each line is found to be a function of temperature. The family of curves can be represented by the equation The exponential function in Equation in Equation (9). The data in Figure 4 are represented as a single straight line in Figure 5 by Equation (12). As previously noted, Equations (12) and (13) are valid only for a volume percentage of acid phase in the range from 50 to 65y0 acid phase.
Effect of Phase Ratio
In an attempt to evaluate the extent of the nitration reaction in each phase, the volume percentage of acid phase was varied from 25 to 79. It was impractical to hold the phase composition constant while the relative amounts of the phases were varied, and it became necessary to correct the data for these differences. It was assumed that the effect of composition and temperature a t constant phase ratio was expressed by Equation (12) and that the effect of phase ratio could be accounted for as in Equation (9); the resulting expression was
The quantity R/xNxB(xN + 1.562, -0.23xW)8621/T-13.23 was plotted against the volume percentage of acid phase VA in Figure 6 .
According to Equation (14) , the data plotted in Figure 6 should fall on a straight line, the intercept being equal to ko/kA and the slope being equal to (1 -ko/kA). This means that the slope can take on any value, positive or negative, and that the intercept must be greater than or equal to zero.
The straight line which most nearly satisfies the theoretical requirements is labeled as curve A on Figure 6 . This indicates that the reaction rate in the organic phase is negligibly small compared with the reaction rate in the acid phase. Figure 7 shows a final correlation based on curve A of Figure 6 . The equation of the straight line representing the data in Figure 7 is R = (3.12 X 1O8)2N2BVA(~N + 1.562, -O . 2 3~w )~~~~'~-~~.~~ (15) Although it was contrary to Equation (14), a parabola, curve B, was drawn through the data in Figure 6 . Curve B gives a better representation of the data below, and a satisfactory representation of the data above, soy0 acid phase. 
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Suen (16) reports that in the emulsion the acid phase is continuous above 33% acid phase and the organic phase is continuous below 33% acid phase. This inversion of phases might explain the fact that the data points below 500/, acid phase in Figure 6 fail to substantiate function of acid-phase composition were drawn through the data. Equation (17) assumes that the vapor phase is an ideal gas and fixes the standard state fugacity as the fugacity of the pure component at the temperature of the mixture.
The rate of nitration of benzene is com- Fig. 10 . Comparison of correlation with batch data of Suen.
Equation (14). It is possible that the agitation supplied failed to produce a sufficiently fine emulsion near the inversion point to eliminate completely the mass transfer effects. However, three runs made at a volume percentage of acid phase from 30 to 337, and at stirrer speeds from 2,260 to 2,810 rev./min. gave consistent reaction rates as illustrated in Figure 6 . This agreement of rates indicates that the stirrer speed had no significant effect on the reaction rates in this range of volume percentage of acid phase.
Equation ( can be considered to represent the term (7AflOBkA) in the theoretical Equation (9) . Activity coefficients must be evaluated by independent equilibrium measurements to verify this viewpoint, but only a limited amount of the necessary data is available.
Lewis and Suen ( 1 1 ) reported some vapor-liquid equilibrium measurements for nitric acid-sulfuric acid-water mixtures at 35°C. over a limited range of liquid-phase compositions. Activities of nitric acid in these mixtures were calculated according to the equation and the dashed curves in Figure 9 illustrating the activity of nitric acid as a A.1.Ch.E. Journal pared with the activity of nitric acid in Figure 9 where curves of constant R / X , as calculated from Equation (16) for 35°C. and 60% acid phase are drawn as the solid lines. The rate of nitration appears to be a function of the activity of nitric acid although the relationship is not first order, as assumed in the theoretical equations. No further conclusions can be drawn from the comparison in Figure 9 because of the limitations of the equilibrium data.
Comparison of Correlation with S u d s Data
Reaction-rate data for the nitration of benzene with mixed acid was determined by Suen ( 1 6 ) in a series of batch experiments. A comparison of Suen's data with those of the authors is illustrated in Figure 10 , where rates calculated from the conversion-time data reported by Suen are plotted with Equation (15) .
Although all the data reported by Suen were not used in calculating the results plotted, Figure 10 is considered to be an objective representation of his results. A tabulation of these calculated rates is available ( 1 ) .
Lewis and Suen ( 1 1 ) report, in addition to the batch data, the results from a study of the effect of phase ratio, or volume percentage of acid phase, in a continuous apparatus. These results indicate that there is a significant reaction rate in the organic phase relative to that in the acid phase. Values estimated from a published figure ( 1 1 ) are shown as the dotted line (curve C) of Figure 6 . No explanation of this discrepancy can' be offered since neither the original data nor the equipment details were published.
Comparison with Toluene Nitration Data
The data of this investigation permit a quantitative comparison with the rate of nitration of toluene (12) . At 35°C. the rate of nitration of toluene under comparable conditions of nitration ranges from 1.76 to 9.7 times faster than the rate of nitration of benzene in the range of acid-phase compositions studied. Fig. 12 . Effect of dissolved acid on density of organic phase.
MOL PERCENT ACID IN ORGANIC PHASE

CONCLUSION
The rate of nitration of benzene with mixed nitric acid and sulfuric acid has been measured over ranges of phase composition, temperature, and phase ratio that are of interest in commercial nitration. Although it is not clear whether or not the effects of mass transfer have,been completely eliminated for all values of the phase ratio investigated, the data do in all probability represent limiting values of the reaction rate obtainable by ordinary means of agitation. For this reason Equation (16) is recommended for use in design calculations, but it should be used with caution in view of the difficulty of obtaining the same high degree of agitation in large-scale reactors.
The distribution of nitric acid between the acid and organic phases is shown in Figure 11 , and the effect of dissolved acid on the density of the organic phase is shown in Figure 12 . The accuracy of the data upon which Figures 11 and 12 are based is not high, but they are useful for the purpose of estimating these effects. 
